Hypoxia is a normal, physiological condition in penile tissue, which is interrupted by reoxygenation associated to sleep-related erections. We previously described in the rat that a penile fibrosis and overexpression of the pro-fibrotic endothelin-1 type B receptor (ETB) are associated to prolonged (3 months) hypoxia induced by the bilateral surgical resection of the cavernous nerves (bilateral cavernous neurotomy (BCN)). The aim of the present study was to define the time frame in which BCN induces hypoxia and ETB overexpression in the penile tissue. In addition, we studied the timedependency of the rescuing effect of an acute administration of the phosphodiesterase type 5 inhibitor, sildenafil. We found that BCN induced penile hypo-oxygenation (immunohistochemistry for Hypoxyprobe), penile ETB mRNA overexpression (quantitative real-time reverse transcriptase polymerase chain reaction) and hypersensitivity to the ETB agonist IRL-1620 (in vitro contractility study). Sildenafil treatment was able to counteract all these alterations (penile hypoxygenation, hyper-sensitivity to IRL-1620 and ETB overexpression), with its effect being more evident the earlier it was administered.
Introduction
Almost 20 years ago, endothelin-1 (ET-1) has been identified as a vascular endothelial product with potent vasoconstrictor properties. 1 Shortly after its discovery, the strict dependency of ET-1 synthesis by oxygen tension was established. 2 Later on, it has been clarified that ET-1 and its related peptides are also synthesized and released by penile endothelial 3 and fibro-muscular cells. 4 In the penis, ET-1 is a profibrotic peptide and the most potent stimulator of cavernosal contractility, acting on receptors identified in different animal species, including humans. [3] [4] [5] [6] [7] [8] [9] In human penile cells, ET-1 expression is upregulated by several factors such as transforming growth factor-b1 (TGF-b1), interleukin-1a, ET-1 itself and by prolonged (24 h) hypoxia.
bilateral cavernous neurotomy (BCN), 14 which completely prevents spontaneous or apomorphine-induced erections 15 and, therefore, physiological penile re-oxygenations. 16 We previously demonstrated penile fibrosis and several biochemical alterations, including upregulation of ETB receptors, after 3 months of BCN. 16 Chronic treatment with the phosphodiesterase type 5 inhibitor (PDE5i), tadalafil, prevented tissue hypo-oxygenation and ETB overexpression, although other biochemical alterations, such as NOS downregulation, were unaffected. 16 The aim of the present study was to define the time frame in which BCN induces penile hypoxia. In addition, we studied the time dependency of the effect of sildenafil, administered acutely 1 h before being killed, at a dose (25 mg/kg) known to significantly increase erections induced by electrical stimulation of the cavernous nerve. 17 This study was designed to mimic molecular events occurring in the penis soon after sildenafil dosing after various time from radical retropubic prostatectomy. Penile hypoxia was evaluated as described previously by using the bio-reductive drug pimonidazole (Hypoxyprobe), 16 which has been recognized as a standard probe for in vivo imaging and quantification of hypoxia. 18 ETB expression and functional activity was evaluated using an originally described absolute quantitative reverse transcriptase polymerase chain reaction (RT-PCR) method and by evaluating 'in vitro' responsiveness to the selective ETB agonist IRL-1620.
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Materials and methods
Chemicals
Phenylephrine HCl (Phe) and reagents for immunocytochemistry were purchased from Sigma (Saint Louis, MO, USA). The ETB selective agonist Suc-[Glu, 9 Ala 11, 15 ]-endothelin-1 (IRL 1620) was purchased from Novabiochem (Laufelfingen, Switzerland). Hypoxyprobe-1 Kit for the detection of tissue hypoxia was purchased from Chemicon International (Temecula, CA, USA). PDE5i (sildenafil) was a kind gift from Pfizer (Pfizer Italia, Rome Italy). Stock solutions of sildenafil were made in ethanol and further dilutions of all substances were made in Krebs' solution. Control experiments showed that the concentrations of ethanol used neither modified the relaxation induced by the agents nor the vasoconstrictor response to phenylephrine.
Animals and tissues
Male adult Sprague-Dawley rats (Harlan, San Pietro al Natisone, Italy) weighing 275-330 g were used.
Male rats were separated into groups: control, BCN and BCN plus a single dose of sildenafil (25 mg/kg orally). One, 5 and 10 days after neurotomy, animals were treated or not with a single dose of sildenafil (25 mg/kg orally) 1 h before being killed. Animals were anaesthetized with sodium pentobarbital (50 mg/kg) intraperitoneally injected. Operations were performed under aseptic conditions essentially as described previously. 16 A lower abdominal midline incision was made from symphysis pubis to mid-abdomen. The testes were retracted, their gubernacula were divided and they were packed into the upper abdomen. The dorsal lobes of the prostate were exposed. The cavernous nerves were identified, dissected and were surgically cut on both sides. Corpora cavernosa (CC) samples from each experimental group were collected and processed for the following 'in vitro' studies.
In vitro contractility studies As reported previously, 16 rat CC strips were attached to an isometric muscle bath system and equilibrated for at least 60 min at 371C in Krebs-bicarbonate solution containing in mM (NaCl 118.1, KCl 4.7, KH 2 PO 4 1.0, MgSO 4 1.0, NaHCO 3 25.0, CaCl 2 2.5 and glucose 11.1) in bath chamber, gassed with 95% O 2 and 5% CO 2 . Tissue resting force was set at 500 mg and changes in isometric tension were recorded on a chart polygraph (Battaglia Rangoni, San Giorgio di Piano, Bologna, Italy). Relaxantconcentration curves were carried out in CC strips precontracted with 100 mM Phe (taken as 100%) and the relaxant effect induced by IRL-1620 was referred to this value. Cumulative drug concentrations (0.1 nM-100 mM) were added to the bath, at constant minimum intervals (7 min) , to obtain a concentration-dependent curve.
Immunohistochemistry
Penile oxygenation was analysed as described previously. 16 Briefly, rats of each experimental group were intraperitoneally injected with the bio-reductive drug pimonidazole hydrochloride (Hypoxyprobe-1, 60 mg/kg 1 h before being killed), which has been recognized as a standard marker for in vivo imaging and quantification of hypoxia. Pimonidazole (hypoxyprobe) is a water soluble substituted 2-nitrominidazole that is rapidly distributed to all tissues in the body, but it only forms adducts with proteins in hypoxic cells, that is, at an oxygen pressure equal to or lower than 10 mm Hg. Hypoxic cells are thereafter easily detected by immunohistochemistry, using a monoclonal antibody (Hypoxyprobe-1Mab1) that recognizes hypoxyprobe protein adducts. [19] [20] [21] Pimonidazole as a probe for the 'in vivo' detection of hypoxia has been validated previously. 18 Rat penis samples were rapidly removed and fixed in 4% neutral-buffered Effect of sildenafil administration on penile hypoxia L Vignozzi et al formalin, dehydrated and embedded in paraffin. Immunohistochemical studies were performed on deparaffinized and rehydrated sections, according to the manufacturing instructions. The slides were exposed to hypoxyprobe-1 Mab1 (diluted 1:50) for 40 min at RT, rinsed in phosphate-buffered saline and 0.2% Brij 35 for seven times at 01C, incubated with biotinylated secondary antibody and finally were incubated with streptavidin-biotin peroxidase complex (Lab Vision Corporation, Fremont, CA, USA). Controls were performed by processing slides in absence of the primary antibody. The reaction product was developed with the 3,3 0 deaminobenzidine tetrahydrochloride as chromogen (SigmaAldrich, Saint Louis, MO, USA) and photographed using a Nikon Microphot-FXA microscope (Nikon, Tokyo, Japan).
Some sections were stained with Masson trichrome Goldener (Bio-Optica, Milan, Italy) and were used for morphological and quantitative image analysis as described previously. 16 Quantitative real-time reverse transcriptase polymerase chain reaction Total RNA was extracted from frozen rat CC samples using TRIZOL reagent (Invitrogen Corporation, Carlsbad, CA, USA) according to the manufacturer's instructions. For each sample, 400 ng of total RNA was reverse transcribed to cDNA in 80 ml using TaqMan Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) at the following conditions: 10 min at 251C, 30 min at 481C and 5 min at 951C. Real-time RT-PCR was performed using a sequence-detection system (ABIPrism TM 7700; Applied Biosystems). The sequence-specific primers and probe mixtures for rat ETB, ETA, ET1 and b2-microglobulin mRNA were from predeveloped assays (TaqMan Gene Expression Assays, Applied Biosystems). The thermal cycling conditions were 1 cycle at 501C for 2 min, 1 cycle at 951C for 10 min, 40 cycles at 951C for 15 s, 601C for 1 min. Absolute quantitation of the ETB mRNA expression was performed using an external standard curve, made by cloning a specific ETB cDNA fragment in pCR 2.1-TOPO vector (Invitrogen Corporation). Known starting concentrations of the standard plasmid were used to construct the external standard curve, according to the already published method. 22 Experiments were carried out in duplicate and the results are expressed as ETB mRNA molecules/mg of total RNA. Quantitation of ETA and ET-1 mRNA expression was based on the comparative Ct method according to the manufacturer's instructions (Applied Biosystems), using the b2-microglobulin as reference gene for normalization, as already published. 16 
Statistical analysis
Results are expressed as mean7s.e.m. Statistical analysis was performed with one-way analysis of variance test followed by Tukey-Kramer post hoc analysis. Po0.05 was considered as significant. Values of half-maximal response inhibitory concentration (IC 50 ) as well as maximal inhibitory effect (I max ) were calculated by using the ALLFIT program. 23 Ethical committee approval All the animal experiments were performed in accordance to the Italian Ministerial Law # 116/92 and approved by the Institutional Animal Care and Use Committee of the University of Florence, Florence, Italy. Figure 2b ) and ETB expression (Po0.001 vs BCN w/o sildenafil; Figure 2c ) was still evident, but also statistically different from sham-operated rats (Po0.01 and Po0.05 for Hypoxyprobe immunopositivity and ETB expression, respectively). In functional studies (Figure 3) 
Results
Discussion
BCN in the rat represents the most radical surgical procedure for penile denervation and is considered the gold standard model to study erectile dysfunction induced by interruption of the autonomic nerve supply to the CC.
14,24-28 Loss of neural activity triggers a cascade of events-including hypoxiathat finally leads to damage to penile cell viability Effect of sildenafil administration on penile hypoxia L Vignozzi et al and tissue structure. [14] [15] [16] The rat BCN model has in one hand the advantage to mimic on human penile innervation the effect of radical retropubic prostatectomy, but in the other one it has the limitation to not isolate the different components that contribute to the penile damage and erectile dysfunction.
This study essentially demonstrates that progression of BCN-induced changes within the penis is less extensive even after a single, acute (1 h) sildenafil administration. In particular, sildenafil administration restores, at various times, penile oxygenation and downregulates ETB overexpression, a marker of penile hypoxia. 4, 9, 16 Sildenafil was better able to attenuate these changes at earlier time intervals, when the overall damage is less, even if the latest observational time point is at 10 days after BCN, and this represent one of the limitations of the present study.
On the other hand, other BCN-induced alterations, as overexpression of ET-1 and penile fibrosis were not attenuated by sildenafil, most probably due to very short time interval elapsed from administra- Quantitative detection by real-time RT-PCR of mRNA for ETB in the different experimental groups has been originally developed. The products are derived from total RNA using specific primers and a specific fluorogenic probe for ETB. Quantitative data are obtained using an external standard curve and are expressed as ETB mRNA molecules/mg total RNA7s.e.m. in a logarithmic scale. Grey column: shamoperated; black column: BCN; white column: BCN þ sildenafil. *Po0.05, **Po0.001 vs sham-operated; 1Po0.05, 11Po0.001 vs BCN. BCN significantly increased ETB gene expression vs sham-operated at all the time points investigated: at day 1 Po0.05, at days 5 and 10 Po0.001. Sildenafil was able to restore ETB mRNA expression to sham-operated level after 1 and 5 days (no significant change vs shamoperated), but not at day 10, when ETB mRNA was higher than in sham-operated (Po0.05), although lower than in BCN (Po0.001). BCN, bilateral cavernous neurotomy; CC, corpora cavernosa; ETB, endothelin-1 type B; RT-PCR, reverse transcriptase polymerase chain reaction.
Effect of sildenafil administration on penile hypoxia L Vignozzi et al tion of the PDE5i and the experimental observation.
In fact an other limitation of the present study is that sildenafil was administered just 1 h before the animals were killed, hence we do not have any information on the potential effect of sildenafil administered with a daily dosage after BCN procedure. Previous studies in rat experimental models of bilateral cavernous damage demonstrated that nerve injury is associated with prolonged penile hypoxia, loss of smooth muscle content, fibrosis and increase in expression of TGF-b1 and HIF-1a, a transcriptional factor strictly related to hypoxia. [14] [15] [16] Accordingly, even after short-term (less than 1 month) cavernous nerve injury, apoptosis of penile smooth muscle cells, associated with persistent penile atrophy, has been observed. [29] [30] [31] We now show that penile hypoxia and fibrosis are detectable even after 1 day of BCN. In rat penis, BCN-induced hypoxia is coupled to a sustained increase in ET-1 and ETB gene expression and to an altered responsiveness to IRL-1620, a selective ETB agonist, as we previously described in other mammalian species (rabbit 9 and human 4 ). We hypothesized that this hypoxiainduced ET-1 and ETB increase are partially responsible for penile fibrosis. In fact, in isolated penile fibro-muscular cells, ETB stimulation mediates proliferation, which was absent or even inhibited by ET-1 in normoxic conditions. 4 Penile ETB upregulation might also have a compensatory role to low oxygen tension, because it allows the release of NO by endothelial and smooth muscle cells, which, in turn, mediates smooth muscle relaxation and blood flow increase. 4, 9, 16 These apparently antithetic functions of ETB receptors were previously noticed in other vascular beds and attributed to two distinct functional subtypes of ETB, termed ETB1 (vasodilator) and ETB2 (vasoconstrictor). 32 However, these two ETB receptor subtypes were not fully identified and characterized yet. Recently, it has been clarified that one of the major function of ETB receptors 'in vivo' resides in the active clearance of unbound ET-1: in human subjects undergoing diagnostic cardiac catheterization, infusion of the selective ETB antagonist BQ-788 constricted the microcirculation and increased coronary sinus ET-1 concentrations. 33 Accordingly, previous studies indicated that the ligand-occupied ET-1 receptors are rapidly internalized and the ETB directed towards the lysosomes and degraded, while the occupied ETA receptors are directed towards endosomes and recycled. 34, 35 In this study we showed that sildenafil was able to decrease the functional hypoxia-induced overactivity of ETB, within a narrow treatment window (1 h). Although we cannot exclude an action of sildenafil on ETB intracellular trafficking, finding of a decreased steady-state ETB mRNA level after 1-h sildenafil favours a transcriptional action of the PDE5i, most probably through increased oxygen availability. Very Effect of sildenafil administration on penile hypoxia L Vignozzi et al rapid transcriptional changes in ETB mRNA expression were previously described in other systems. 36 In addition, a direct effect of oxygen tension on ETB and ET-1 mRNA abundance was previously described in isolated penile smooth muscle cells. 4 However one limitation of the present study is represented by the fact that we analyse only ET-1 and ETA gene expression level in penile tissue from the different experimental groups, without any information of their protein expression levels. Hence other additional molecular mechanisms involved in the pathogenesis of hypoxia-related erectile dysfunction in BCN model cannot be completely ruled out. Sildenafil is a well-known inhibitor of PDE5, the major enzymes involved in cyclic guanosine monophosphate (cGMP) breakdown in the penis. 37 Its ability in limiting in a very short time frame BCN-induced penile hypoxia might be related to its effect on PDE5, although other mechanisms of action, independent from PDE5 inhibition, cannot be ruled out. It is interesting to note that similar results on penile oxygenation were previously obtained with a prolonged and continuous exposure to another chemically unrelated PDE5i, tadalafil. 16 An action of sildenafil (present study) or tadalafil 16 on PDE5 implies that some cGMP is still formed, even in an experimental setting characterized by a complete denervation, which dramatically decreases endothelial nitric oxide synthase and neural nitric oxide synthase expressions. 16 However, the cGMP level is not measured in the penile tissue from the different experimental groups, and this represent one important limitation of the present study.
In a previous study we demonstrated that some acetylcholine-dependent NO release was present in BCN cavernous tissue. 16 Similar results were recently provided by a study on BCN tissue chronically exposed to another PDE5i, vardenafil. 28 In that study, chronic vardenafil upregulated inducible nitric oxide synthase (iNOS) and prevented fibrosis and smooth muscle decrease. The same group recently confirmed a positive action of long-term exposure to sildenafil on iNOS, thereby preventing fibrosis and apoptosis in CC of aged rats. 38 Hence, blocking cGMP breakdown through PDE5 inhibition could be an interesting strategy to obtain re-oxygenation. However, one of the pitfalls of this strategy is that, after penile denervation, sildenafil is far more active as earlier it is employed. In fact, after 10 days of surgery, it only partially counteracts hypoxia-induced alterations. This finding might have clinical implications for the management of post-prostatectomy erectile dysfunction (PPED). In PPED, responsiveness to acute oral PDE5i resulted variable, but overall lower than in patients with other forms of ED. [39] [40] [41] [42] The present results suggest that PDE5i administration should be started as soon as possible after surgery.
In conclusion our experimental data indicate that acute exposure of penile hypoxic tissue to sildenafil might counteract part of the functional and morphological alterations due to nervous damage. However sildenafil should be used as soon as possible. Our findings deserve further clinical correlations to assess a possible therapeutic strategy able to counteract penile tissue damage and to maintain the erectile function after cavernous nerve injury.
